Abstract Through daily electrical stimulation of one of the hippocampi in the rabbit, EEG spikes were "kindled" in both hippocampi. Such hippocampi (termed kindled hippocampi) were then studied with the microelectrode in acute experiments. The electrical activities of the kindled hippocampus were characterized by spontaneous occurrence of hyperpolarizing potentials of various magnitudes (3-27 mV) and various durations (50-600 msec) in the pyramidal cell. These hyperpolarizations were never preceded by a prolonged spike burst. Furthermore, they could occur without any preceding depolarizations. They consisted of two components, i.e., Cl-dependent (somatic inhibitory postsynaptic potential) and Cl-non-dependent (dendritic hyperpolarization) components. They were the main abnormal events occurring within the pyramidal cell of the kindled hippocampus. It was therefore considered that they were the intracellular correlates of the EEG spikes.
and the mesencephalic reticular formation in order to identify the pyramidal cell (see RESULTS). Stimulation was carried out with electronic stimulators (Nihonkohden MSE3, MSE40). After the experiments, the locations of these stimulating electrodes were confirmed; for the fornix the electrode tip was directly observed by removing the tissue around it and for the reticular formation the site of the electrode tip was searched for in histological sections. Both hippocampi were as a rule examined histologically, employing Nissl and haematoxylin-eosin stain.
RESULTS
EEGs of the chronically stimulated hippocampus EEGs were studied in the rabbits with chronically implanted electrodes in both hyppocampi. As far as the EEGs were concerned, there were no essential differences between the weakly and strongly stimulated hippocampi, nor between the directly and indirectly stimulated hippocampi. The EEGs were characterized by sporadically occurring spikes (Fig. 1A, C) . The hippocampus in this state will be referred to as the kindled hippocampus for the sake of convenience. The 8 rhythm could be seen in the kindled hippocampus (Fig. 1A, C) . Though rare, a spontaneous seizure discharge could develop (Fig. 1B) and spread to other parts of the brain, resulting in a motor seizure similar to the one described by GODDARD et al. (1969) . The neocortex was as a rule immune from EEG spikes, although sometimes there existed some electrical changes corresponding to the hippocampal EEG spikes (Fig. 1A, C) .
Intracellular recordings from pyramidal cells in weakly stimulated kindled hippocampus It is known that the pyramidal cell exhibits an antidromic spike and a large inhibitory postsynaptic potential (IPSP) following fornix stimulation (ANDERSEN et al., 1964a, b ; ANDERSEN, 1975 ; KANDEL et al., 1961) . It shows the inactivation response, i.e., a large slow depolarization with a superposed spike burst having a strong tendency to spike inactivation (e. g., FUJITA, 1975 FUJITA, , 1977 which is produced by injecting a depolarizing current (FUJITA, 1975 (FUJITA, , 1977 and by stimulating the mesencephalic reticular formation (FUJITA, 1979) , or occurs spontaneously (KANDEL et al., 1961; FUJITA, 1975 FUJITA, , 1977 . All 75 cells which were successfully impaled were thought to be pyramidal cells because they showed at least one of the electrical activities just mentioned. In 9 (2 in CA1-CA2, 7 in CA3-CA4) of these cells, spontaneous potentials occurred exactly resembling the fornix-induced intracellular potential. Namely, in Fig. 2A , supramaximal stimulation of the fornix (upward arrow) induced an antidromic spike followed by a diphasic potential, consisting of an early-depolarizing and a late-hyperpolarizing potential, as described in the normal hippocampus (FUJITA, 1979) . The early depolarization was explained as due to Cl diffusion from the microelectrode (FUJITA, 1979) . The abnormality with this cell was the occurrence of a spontaneous spike followed by a diphasic slow potential (oblique arrows in Fig. 2A , B) which closely simulated in time course the diphasic potential produed by fornix stimulation, except that the former had a small depolarizing potential preceding the spike. In another cell, a spontaneous hyperpolarization was recorded immediately after impalement (Fig. 3D, dot) . At this time, the response to the fornix stimulation appeared as a large hyperpolarization (Fig. 3D, arrow) . Soon afterwards, the early part of the spontaneous and the fornix-induced hyperpolarizations was reversed to a depolarizing potential, presumably due to Cl diffusion from the microelectrode (Fig. 3E) as is the case with the fornix-induced hyperpolarization in the normal hippocampus. Extracellularly, a positive slow wave occurred spontaneously which was superposed by a spike of about 3 msec in duration at its beginning ( Fig.  2D , E) or in its early part (Fig. 3F ). The spontaneous extracellular potential was also a duplicate of the fornix-evoked potential (Fig. 2C ). Oblique arrows show spontaneously occurring potentials. Note that both spontaneous and stimulus-induced potentials consist of an initial spike followed by an early-depolarizing and late-hyperpolarizing slow potential. The early slow depolarization was due to Cl diffusion from the electrode. The spontaneous potential is almost identical in waveform to the stimulus-induced potential except that the former was preceded by a small depolarization. C, D, E: extracellular recordings in the vicinity of the site where the cell shown in A, B was obtained.
C: evoked potential occurring in response to supramaximal stimulation of the fornix. D, E: potentials occurring spontaneously.
Note that spontaneous and fornix-evoked extracellular potentials are essentially identical in waveform.
Upward deflections denote positivity.
Intracellular recordings from pyramidal cells in strongly stimulated kindled hippocampus Sixty-four cells were successfully impaled. Of these, spontaneous hyperpolarizations were observed in 43 cells (11 in CA1-CA2, 32 in CA3-CA4). These hyperpolarizations also consisted of two components; one is Cl-dependent and the other Cl-non-dependent. For example, in Fig. 3A , a spontaneous hyperpolarization was recorded immediately after impalement. Subsequently, its early part was reversed, in effect becoming a diphasic potential (Fig. 3B) . One spontaneous diphasic potential happened to occur during injection of a hyperpolarizing current (Fig. 3C) . Obviously, the early depolarized part became larger by the current injection whereas the late hyperpolarization remained almost unchanged. A similar finding was obtained in the normal pyramidal cell (FUJITA, 1979) . However, in the majority of cells in the strongly stimulated hippocampus (38 of 43 cells), the Cl-dependent component of the spontaneous hyperpolarization was not so conspicuous. In these cells, the spontaneous hyperpolarization varied Vol.31, No.6, 1981 Arrows show supramaximal stimulation of the fornix. Note that the spontaneous and the fornix-induced potentials were at first hyperpolarizing potentials (A, D), but later became diphasic, i. e., early-depolarizing and late-hyperpolarizing potentials (B, E). The early depolarization was due to Cl diffusion from the electrode. A spontaneous potential similar to the one shown in B happened to appear during a hyperpolarizing current injection (1.0 nA) (C). Note that the early depolarization evidently increased during the current injection as compared with that in B, while the late hyperpolarization was almost uninfluenced.
F: extracellular recording in the vicinity of the site where the cell illustrated in A-C was obtained.
Calibrations in F apply to A-F. considerably in magnitude (3-27 mV) and duration (50-600 msec) even in the same cell, as illustrated in Fig. 4E-H and Fig. 5A -F, j-L.
Regardless of whether KC1 or K-citrate electrodes were used, spontaneous hyperpolarizations of smaller magnitude (less than 15 mV) in these cells were similar in time course. Namely, the peak time of the hyperpolarization was less than 50 msec ( Fig. 4E-G; Fig.  5A-C) . On the other hand, the peak time of the spontaneous hyperpolarization of larger magnitude (more than 15 mV) was considerably prolonged when KC1 electrodes were employed, indicating the presence of a Cl-dependent component ( Fig. 4H; cf., Fig. 4D ). Figure 6 illustrates these results graphically.
A salient fact was that the spontaneous hyperpolarization was not preceded by any prolonged depolarizations. Furthermore, it could occur without any preceding depolarizations ( Fig. 4E; Fig. 5A-F) . Even when there was a definite depolarization leading (Fig. 5L) , spontaneous hyperpolarizations devoid of any preceding depolarizations could occur in the same cell (Fig. 5J, K) . Thus, in 38 of 43 cells, it was ascertained that the preceding depolarization was not the necessary condition for the occurrence of spontaneous hyperpolarization. In the re- E-H: spontaneous hyperpolarizations. E-H are arranged according to the magnitude of the hyperpolarization (not according to the order of appearance).
Note that the peak time of the hyperpolarization was prolonged only in the hyperpolarizations of larger magnitude (D, H). maining 5 cells, the early depolarization was explained as largely due to Cl diffusion from the electrode (Fig. 3A-C) . The extracellular counterpart of the hyperpolarization was a slow positive wave with or without a superposed spike, and the magnitude and duration of the slow wave varied considerably (Fig. 5M, N) .
Another remarkable fact in the strongly stimulated kindled hippocampus was that the effect of fornix stimulation was very unstable. For example, in the cell shown in Fig. 4 , the effect of fornix stimulation varied in an unpredictable manner, although the stimulus strength was fixed at maximum (about 60 V, 1-msec pulse) (Fig. 4A-E) . It was confirmed in the same cell that the fornix-induced hyperpolarization resembled the spontaneous hyperpolarization in the mode of variation (Fig. 4) . In other cells, fornix stimulation produced nothing (Fig. 5A , J, L). These cells were nevertheless considered to be pyramidal cells because they exhibited the inactivation response which occurred spontaneously (Fig. 5C, D , H) or in response to a depolarizing current injection (Fig. 5G ) or in response to stimulation of the mesencephalic reticular formation (Fig. 5I) . In these cells, fornix stimulation even with maximum strength (about 60 V, 1-msec pulse) produced nothing (A, J, L, arrows). Dots indicate spontaneous hyperpolarizations.
In G, current injection produced the inactivation response (1.1 nA). In H, I, the mesencephalic reticular formation was stimulated with a short train of 1-msec pulses at 50/sec. It produced a hyperpolarization followed by an inactivation response which appeared in all (I) or nothing (H) fashion. The inactivation response in H is spontaneous. M, N: extracellular recordings of spontaneous potentials in the vicinity of the site where the cell shown in J-L was obtained.
in the hippocampus (the kindled hippocampus). The main abnormal intracellular event in the pyramidal cell of the kindled hippocampus was occurrence of spontaneous hyperpolarization. The hyperpolarization was never preceded by a spike burst. This makes a conspicuous contrast to the penicillin focus which is characterized by the presence of a spike burst with a large underlying depolarization (SCHWARTZKROIN, 1977 PRINCE and SCHWARTZKROIN, 1978; SCHWARTZ-KROIN and PEDLEY, 1979) . Furthermore, it was shown that the hyperpolarization could occur without any preceding depolarization. The lack of spike burst is also indicated by the fact that the extracellular counterpart of the spontaneous hyperpolarization mimicked the fornix-evoked potential in waveform, because it has been established that fornix stimulation produces in the pyramidal cell a large hyperpolarization, thereby cutting off any prolonged excitation leading to a spike burst (KANDEL et al., 1961; ANDERSEN et al., 1964a, b) . From these results it is concluded that the hyperpolarization is not the after-hyperpolarization sub- sequent to the Ca spike (cf., HOTSON and PRINCE, 1980; GUSTAFFSON and WIGSTROM, 1981) , and that in the kindled hippocampus, a synchronized excitation comparable to that caused by electrical stimulation is taking place spontaneously.
Another overt fact was that the spontaneous hyperpolarization consisted of two components; one is CI-dependent and the other Cl-non-dependent. The former was obviously the somatic IPSP, whereas the latter was considered to be the dendritic hyperpolarization inasmuch as the current injection did not seem to influence it (FUJITA, 1979) . In the strongly stimulated kindled hippocampus, it was only in the spontaneous hyperpolarization of larger magnitude that the existence of the Cl-dependent component was detected. This appears to indicate that the threshold for the somatic IPSP was higher than that for the dendritic hyperpolarization, provided that the stronger the excitation which drives the inhibitory interneurons, the larger the magnitude of the spontaneous hyperpolarization. It was a rule in the normal, as well as in the weakly stimulated hippocampus, that the initial part of the fornix-induced or spontaneous hyperpolarizations was completely or partially reversed to depolarizing potentials when recorded with KCl electrodes (cf. FUJITA, 1979) . However, in the strongly stimulated hippocampus, such a reversal occurred only in 5 of 29 cells which were studied with KCl electrodes. From these results it was considered that in the kindled hippocampus the somatic IPSP tended to be reduced (cf., YAMAMOTO and KAWAI, 1968; YAMA-MOTO, 1972; PURPURA, 1975; OGATA, 1975 OGATA, , 1976 . The Cl-non-dependent component could be either the dendritic IPSP or a disfacilitation occurring in the den- Vol.31, No.6, 1981 drites (FUJITA, 1979) . To decide which of the two possibilities is nearer the truth is premature because of the paucity of available data for this purpose. The reason why the fornix stimulation is ineffective in the strongly stimulated kindled hippocampus is also unknown at present. As shown above, the main intracellular event in the pyramidal cell that characterizes the kindled hippocampus is the spontaneously occurring hyperpolarization. It appears, therefore, that the intracellular correlate of the EEG spike is the spontaneous hyperpolarization. It is considered that to produce disfacilitation in the dendrites the activation of relevant inhibitory interneurons is needed (FUJITA, 1979) . Consequently, paradoxical as it may appear (for the somatic IPSP seems to be reduced in the kindled hippocampus as discussed above), the vigorous, spontaneous activation of inhibitory interneurons seems to be one of the features of the kindled hippocampus, even if the spontaneous hyperpolarization is largely formed by the dendritic hyperpolarization and the dendritic hyperpolarization is due to disfacilitation. The activation of the inhibitory neurons may serve as a protective mechanism against seizure (MUCHA and PINEL, 1977; ENGEL and ACKER-MANN, 1980; DASHEIFF et al., 1981) . The mechanism of the activation remains a complete mystery at present.
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